A uniaxial tension system and its applications in testing of thin films and small components Rev. Sci. Instrum. 80, 085107 (2009) As the geometrical size of low-dimensional materials decreases to micro-or nanoscale, the traditional dynamic loading system cannot be used anymore to measure the dynamic mechanical property. In this study, a new dynamic loading system was developed. A piezoelectric transducer actuator was used for displacement loading, and a mechanical lever was designed to amplify the displacement load. Finite element method simulation and validation experiments were conducted to analyze the strength and function of the mechanical lever. As an application test, a sample from an aluminum film was investigated using the system. The success of the experiment, as shown by the results, demonstrated the feasibility of the system for low-dimensional materials study.
I. INTRODUCTION
The mechanical properties of low-dimensional materials have attracted much attention because they play an important role in micro-and nanotechnology. In this regard, many studies have been done on the static mechanical properties of low-dimensional materials. [1] [2] [3] [4] However, the dynamic behavior of low-dimensional materials remains to be a key issue for enhancing long-term service. Therefore, there is an urgent need to examine the dynamic behavior of lowdimensional materials.
A dynamic study for low-dimensional materials was carried out using various experimental techniques. The on-chip system, 5, 6 with the advantages of loading frequency, specimen centering, and measurement precision, is commonly used. However, it is usually disposable, and the materials for measurement are limited by the fabricating process. A nanoindenter driven by a magnet coil was used to examine the Ag films on SiO 2 substrates by Schwaiger. 7 However, the loading frequency of this system could not be too high. The biaxial testing apparatus 8, 9 was developed to determine the fatigue behavior of thin films, but this system could not be used to apply uniaxial loading. Meanwhile, the loading systems based on the piezoelectric transducer ͑PZT͒ actuator [10] [11] [12] are used to measure a low-dimensional specimen with high loading frequency. However, the systems could hardly obtain a large deformation of PZT unless applying thousands of voltage. Therefore, it is necessary to develop a system for low-dimensional specimen testing with a high loading frequency and displacement range. A new dynamic loading system was designed and introduced in this paper. The PZT actuator was used for displacement loading, and a mechanical lever was designed to amplify the displacement load. The design of the mechanical lever was accompanied by the finite element method ͑FEM͒ using the commercial software ABAQUS. The calibration experiments were conducted to evaluate the enlarging effect of the mechanical lever. Finally, as an application test, a sample from aluminum film was investigated by the system. The successful results demonstrated the feasibility of the system for low-dimensional materials study. 
II. DESIGN AND ANALYSIS

A. Setup of the device
A new dynamic system was designed for the lowdimensional material testing. The PZT actuator was used to apply displacement, which can be controlled by a PZT controller. A mechanical lever was used to load the specimen, which was attached to the specimen grippers. A precision translation stage to adjust the specimen was connected to one of the grippers.
A commercial multilayer piezoelectric actuator from NEC TOKIN was chosen. The resonant frequency was 69 KHz, and it was possible to drive up to 1/3 of the resonant frequency. The maximum drive voltage was 150 V, and the maximum generated force was 850 N.
The mechanical lever shown in Fig. 1 was designed to amplify the displacement load of the PZT actuator. The device consisted of an elastic hinge, a fixed beam, a moveable beam, and some limit levers, which were manufactured using a wire-cutting process from a whole Q235 steel plate. The thickness of the elastic hinge was less than 0.1 mm. When the displacement was applied at point A, the moveable beam would rotate around the elastic hinge. As the horizontal distance from point B to point C reached five times of that from point A to point C, the displacement load from the PZT actuator was amplified by five times.
With the system described above, the dynamic behavior of the small-scale specimen can be measured. The displacement range can be controlled by the PZT actuator and the designed mechanical lever. The mechanical clearance can also be avoided through a careful design. In addition, the system can be combined with high-resolution microscopy to examine the crack propagation of the specimen during the fatigue process.
B. Mechanical behavior study of the lever system using FEM
FEM was used to analyze the performance of the lever system. The material parameters used in the simulation were as follows: Young' module was 210 GPa, the Poisson ratio was 0.3, and the density was 7.8ϫ 10 3 kg/ m 3 . In this case, the thickness of the lever system was relatively large as compared to other critical dimensions, such as the thickness of the elastic hinge. Thus, the motion of the system would be in a plane perpendicular to the thickness direction of the system, and the out-plane behavior was negligible. Therefore, the two-dimensional simulation was conducted to analyze a plane problem. A six-node modified quadratic plane stress triangle element named CPS6M in ABAQUS was selected for the analysis. The system was meshed into 1000 elements, and the element sizes were different at each part according to the geometry. Due to the symmetry of the structure, the geometry of the model was based on half part of the lever system. Only the displacement on the y direction of the hinge was fixed as the symmetric boundary. Afterward, the displacement of 0.02 mm was applied to point A.
As shown in Fig. 2 , the stress of the whole system, except the elastic hinge, was approximate to zero. The maximum stress existed at the elastic hinge with a value of about 50 MPa, which did not exceed the strength of Q235 steel. The result proved the safety of the lever system. The result of the analysis of the displacement is shown in Fig. 3. 
C. Calibration experiment
The calibration experiments were conducted to evaluate the enlarging effect of the mechanical lever. The digital image correlation method [13] [14] [15] [16] was used to obtain the displacement. A complementary metal oxide smiconductor ͑CMOS͒ camera and a high-speed camera were used to capture the images.
The PZT actuator was calibrated first. The dc was applied to the actuator, and the deformation of the actuator was measured. The relationship between the deformation of the actuator and the voltage was obtained ͓Fig. 4͑a͔͒. Afterward, the static and dynamic characteristics of the lever system were investigated. As the lever system was excited by the actuator, the displacement of point B was measured. It is obvious from Fig. 4͑a͒ that the displacement of point B was five times the deformation of the actuator, a result the same as that of the FEM analysis. From Figs. 4͑b͒ , the lever sys- tem could be used to amplify the displacement load of the actuator under a different waveform, and the displacement amplitudes were increased as the frequency of ac increased.
III. APPLICATION
The fatigue crack of the aluminum film was studied using a self-developed system. The geometrical dimension of the film was 4.5 mmϫ 3.0 mmϫ 35 m with a notch made before testing ͓Fig. 5͑a͔͒. To accelerate testing, a high strain rate and fatigue frequency were chosen. The peak value of the voltage was 80 V at a frequency of 300 Hz. According to the calibration result, the maximum displacement should be 97 m, and the maximum strain should be 3.2%. A highspeed camera was used to capture the images at a speed of 2000 fps. The capture time was 1 s.
After loading, a fatigue crack grew from the notch in about 190 cycles. There were two crack propagations during loading ͓Fig. 5͑b͔͒. The main crack originated from the notch. First, the crack propagated fast from a to b, and the whole location was mainly vertical to the edge. Then from b to c, the crack propagated to a diagonal direction for a long time. For the last step, a vertical crack propagated from c to d. Meanwhile, a second crack was propagated from e to f. The relationship between the length of the crack and time is shown in Fig. 6 . The experiment results showed that the system could be used to study the dynamic behavior of the small-scale specimen.
IV. CONCLUSION
A new dynamic system was proposed for lowdimensional material testing. The PZT actuator was used for displacement loading, and a mechanical lever was designed to enlarge the displacement load. The FEM method was used to evaluate the strength of the mechanical lever. The result showed that the maximum stress of the lever did not exceed the allowable stress. The calibration experiments were conducted, and the result verified the enlarging effect of the lever under both static and dynamic excitations. In addition, the crack propagation of the aluminum film under tensile load was studied by the system. The successful experiment results demonstrated the feasibility of the system for lowdimensional materials study. 
